Proteins regulate gene expression by controlling mRNA biogenesis, localization, translation and decay. Identifying the composition, diversity and function of mRNA-protein complexes (mRNPs) is essential to understanding these processes. In a global survey of Saccharomyces cerevisiae mRNA-binding proteins, we identified 120 proteins that cross-link to mRNA, including 66 new mRNA-binding proteins. These include kinases, RNA-modification enzymes, metabolic enzymes and tRNA- and rRNA-metabolism factors. These proteins show dynamic subcellular localization during stress, including assembly into stress granules and processing bodies (P bodies). Cross-linking and immunoprecipitation (CLIP) analyses of the P-body components Pat1, Lsm1, Dhh1 and Sbp1 identified sites of interaction on specific mRNAs, revealing positional binding preferences and co-assembly preferences. When taken together, this work defines the major yeast mRNP proteins, reveals widespread changes in their subcellular location during stress and begins to define assembly rules for P-body mRNPs.
The control of cytoplasmic mRNA function is dictated by the interactions of mRNA with the core translation, localization and mRNAdegradation machinery as well as with sequence-specific regulatory proteins. Regulation at the level of mRNA is important for cells to respond rapidly to environmental changes 1 . Issues in understanding post-transcriptional regulation include determining the spectrum of mRNA-binding proteins (RBPs) and how they interact with specific mRNAs as well as elucidating how such proteins, individually or in combination, affect mRNA function. We set out to determine the major mRNA-binding proteins in S. cerevisiae and to identify some of the basic principles of mRNA-protein interaction.
Yeast cells represent an ideal system for determining the principles of mRNP formation and function. A substantial number of yeast mRNA-binding proteins have been identified from studies of the mechanisms of mRNA biogenesis, localization, translation and degradation. Studies of a more global nature in yeast have met with modest success. Purification of mRNPs under native conditions was unable to significantly enrich mRNA-binding proteins over the general cellular population of proteins 2 . Genome-wide protein-RNA interaction studies in vitro suggested additional RNA-binding proteins, some of which have been verified in vivo 2 .
Recent and historical experiments have used cross-linking of proteins to mRNAs in vivo and purification of the mRNA under denaturing conditions to identify mRNA-binding proteins [3] [4] [5] . We have now applied such methods to yeast to identify the major mRNA-binding proteins under conditions of stress. We performed these experiments under glucose deprivation because conditions used to cross-link proteins to RNAs in vivo can trigger a stress response 6 , and we wanted the cells to be in a defined state. Moreover, post-transcriptional control is important during stress and involves changes in translation and mRNA degradation as well as localization of mRNPs into stress granules and P bodies 7 , which are related to a large family of RNA granules, including maternal mRNP granules, neuronal mRNP granules and some RNP granules associated with neurodegenerative diseases 8 . Thus, an analysis of mRNPs under stress should yield additional information about post-transcriptional control.
Here we undertake a characterization of yeast mRNPs by identifying the major mRNA-binding proteins of yeast. We also identify widespread relocalization of mRNA-binding proteins during stress and characterize the mRNA-binding sites of P-body proteins, defining principles by which these proteins assemble into mRNPs.
RESULTS

Identification of yeast mRNA-binding proteins
To identify proteins directly interacting with mRNAs, we developed a method similar to those recently used in HeLa cells and human embryonic kidney cells 4, 5 . In this method, previously referred to as 'in vivo capture of RBPs' , 'interactome capture' and 'identification of mRNA-interacting proteins' , proteins are directly cross-linked to mRNAs in vivo by using UV light, after which mRNA is purified under denaturing conditions by its poly(A) tail (Fig. 1a) . After elution from an oligo(dT) column, the RNA-protein complexes are RNase treated and separated by SDS-PAGE, and the protein composition is analyzed by LC-MS/MS. We examined proteins cross-linking to mRNAs under conditions of glucose-deprivation stress for reasons described above.
We found that cross-linking enhanced the amount of protein purifying with the mRNA, in comparison to the control sample that had not been cross-linked ( Fig. 1a ). This indicates that the observed proteins were predominantly those that had cross-linked directly to the poly(A) + RNA. In two biological replicates (five technical replicates), we identified 120 proteins reproducibly and statistically enriched in r e s o u r c e the UV-cross-linked sample, thus defining the dominant proteins in yeast mRNPs ( Supplementary Table 1 and Online Methods).
Distribution of major yeast mRNA-binding proteins
The 120 proteins that co-purified with mRNA include 54 proteins previously shown to bind mRNA or to be intimately involved in mRNA biology ( Fig. 1b) , which demonstrated that this method is successful at identifying mRNA-binding proteins ( Supplementary Table 1 ; examples shown in Table 1 ). These proteins come from all stages of mRNA metabolism, including transcription, splicing, export, localization, translation and decay ( Fig. 1c ). We identified both nuclear and cytoplasmic proteins, which indicated that the assay is capable of identifying proteins from various regions of the cell in a variety of mRNPs.
We identified a number of proteins that are known to bind RNA but not known to interact with mRNA ( Fig. 1b,d and Table 1 ), including five tRNA synthetases and two tRNA-modification enzymes (Pus1 and Dus3). Instances of tRNA synthetases modifying the stability or translation of mRNAs have been described [9] [10] [11] . Multiple tRNA synthetases interacting with mRNAs suggests that this is a more common phenomenon for yeast than previously understood. The presence of tRNA-modification proteins in the mRNA-binding pool suggests that these proteins might specifically modify individual mRNAs to modulate mRNA fate.
A major category of mRNA-binding proteins identified was ribosomeprocessing proteins. Twenty-one of these proteins were enriched in our assay, which suggested that mRNA binding is a common secondary role for proteins involved in ribosome processing. One possibility is that these proteins were identified owing to interactions with contaminating ribosomes. Three lines of evidence argue against this scenario. First, two of these proteins, Nop56 and Nsr1, are verified mRNA-binding proteins 12 . Second, the highly abundant ribosome structure proteins are not identified in the RBP capture assay (with the exception of Rps20A).
Finally, ASH1 mRNA has been observed to pass through the nucleolus during its maturation 13 . Potential mRNA-binding activity of ribosomebiogenesis factors suggests that there may be considerable cross-talk between mRNA regulation and ribosome processing.
We identified proteins with no previously known RNA-binding activity ( Table 1) . These include Vma1, a subunit of the vacuolar ATPase. Two proteins involved in DNA metabolism were identified (Pol2 and Rfa1). Various metabolic proteins were observed (Imd2, Imd3, Imd4, Cys4, Cpr1). Proteins that have QN-rich domains (for example, Psp1) and might have a role in stress-granule or P-body formation were also found 14 . Finally, we identified the Ste20 and Ksp1 kinases.
Recent surveys in mammalian cell lines have used similar methods to identify mRNA-binding proteins 4, 5 . Ninety-two of the 120 proteins identified in this study have human orthologs or similar human proteins, and 72 (78%) of these human orthologs have been shown to interact with mRNA by similar assays (Supplementary Table 2 ). This defines a conserved core of mRNA-binding proteins in yeast and humans. As expected, this list contains a number of canonical mRNAbinding factors. Notably, the list of conserved mRNA-binding factors also includes all 21 of the ribosome-biogenesis factors identified here, which indicates that the interaction between rRNA-processing proteins and mRNA is conserved. Several other proteins that have not been associated with mRNA biology through biochemical work are also conserved mRNA-binding proteins. These include the tRNAmodification enzymes Dus3 and Pus1 and two tRNA synthetases (Tys1 and Hts1) as well as the peptidyl-prolyl cis-trans isomerase Cpr1. For proteins closely associated with RNA biology but for which a specific RNA binding partner has not been identified, or which are predicted to bind RNA on the basis of structural homology to RNA binding proteins, the category 'undefined RNA' has been used. snoRNA, small nucleolar RNA; snRNA, small nuclear RNA.
npg r e s o u r c e
The conserved interaction between these proteins and mRNA suggests that their mRNA-binding activity has an important biological function that has not yet been characterized.
Intracellular distribution of mRNA-binding proteins
We identified the mRNA-binding proteins described above under stress conditions; thus they may function in post-transcriptional stress-response pathways. A conserved aspect of the eukaryotic stress response is the aggregation of nontranslating mRNPs into stress granules and P bodies 15 . We monitored the localization of these proteins in both the presence and absence of stress to reveal whether regulation of mRNA under stress is spatially restricted in the cell or whether it occurs in diverse compartments. Additionally, these data could determine the possibility of proteins being in the same mRNP, as components of the same mRNP would have similar intracellular localization patterns.
We looked at the subcellular location of the enriched proteins by using appropriate strains from the library of C-terminally GFP-tagged yeast proteins. Owing to either the unavailability of the GFP strain or inadequate signal, 13 of the 120 enriched proteins could not be observed. These localization experiments revealed the following key points.
First, we observed that the mRNP proteins are found in various cellular regions under log-phase growth and stress conditions, and these included two proteins (Scp160 and Bfr1) preferentially associated with the endoplasmic reticulum ( Fig. 2 and Table 2 ). Despite the diversity in the localization of these proteins, we mainly observed localization in one of four compartments under stress conditions: the nucleus, stress granules, P bodies or the cytosol (where diffuse localization was observed). Because proteins located in different compartments are less likely to be parts of the same mRNP, we conclude that there are at least four discrete types of mRNPs under these conditions. As the protein pool is different in these four compartments, it is likely that mRNA within separate compartments would be subject to distinct functional consequences.
Second, we observed that glucose starvation induced intracellular relocalization in 41 of the 107 (38%) mRNA-binding proteins tested ( Table 2) . Consistent with prior work, the majority of mRNP protein relocalization was to P bodies or stress granules (discussed below). However, we observed new relocalizations of mRNP proteins, including disassociation from the endoplasmic reticulum (Bfr1 and Scp160) and movement into the vacuole (Scw4) (Fig. 2) . Notably, nuclear proteins involved in rRNA processing remained in the nucleolus under stress conditions. One possibility is that under stress the binding of these proteins to specific mRNAs retains the mRNA in the nucleolus. Consistent with this idea, evidence suggests that at least some yeast mRNAs pass through the nucleolus during biogenesis 13 .
Third, we identified 14 new components of yeast stress granules and P bodies by examining the colocalization of each of the GFP-fusion proteins that accumulated in cytoplasmic foci with known markers of stress granules (Pub1-mCherry) or P bodies (Edc3-mCherry), following glucose deprivation. The exact composition of stress granules and P bodies can depend upon the specific stress applied to the cells [16] [17] [18] . Thus, we may miss some proteins that assemble into stress granules or P bodies under different stresses.
Because yeast stress granules and P bodies can spatially overlap and are likely to represent a continuum of mRNP states, we used a quantitative assay to assess whether an individual protein was more prevalent in stress granules or P bodies. In this assay, for each new mRNP protein accumulating in cytoplasmic foci, we determined the fraction of GFP foci that colocalized with Pub1-mCherry or with Edc3-mCherry in separate experiments (Fig. 3a) . Whereas P-body npg r e s o u r c e and stress-granule components show high degrees of colocalization with Edc3, stressgranule factors are likely to overlap with Pub1 more often than P-body components (Supplementary Fig. 1 ). Thus, components having greater than 67% overlap with Edc3 were considered to be either P-body or stress-granule factors. Certain proteins such as Pin4 and Rfa1 did not clear this criterion and are categorized as components of "other foci" ( Table 2 and Supplementary Fig. 1) . To quantify the P-body or stress granule-like features of the remaining proteins, they are represented on a gradient in on the basis of their overlap with Pub1-mCherry (Fig. 3b) . This analysis identified new P-body factors including Khd1, known for its role in ASH1 localization; translational regulators Gis2 and Mrn1; suppressors of DNA-polymerase mutations Psp1 and Psp2; ubiquitin protease cofactor Bre5; and mitochondrial membrane protein YBR238C (Fig. 3b) . New stress-granule factors include the polysome-associated proteins Tae2, Ecm32 and Slf1 as well as kinase Ksp1 (Fig. 3b) . Ste20 and Dbp1 were sporadically found to associate with granules and may be weak granule components.
Analysis of mRNAs bound to granule proteins
Using the above analysis, we identified the major mRNP components and demonstrated that they are localized in different subcellular regions before and during stress responses, which suggests that there are multiple types of mRNPs. To investigate how specific mRNPs are organized and on which mRNAs, we have begun an analysis of the interaction of mRNA with proteins in P bodies. Specifically, we used CLIP (Online Methods) to map the interaction sites of the P-body components Pat1, Lsm1, Dhh1 and Sbp1 on mRNAs 19 . Sbp1 can be contrasted to the others because it is found in both P bodies and stress granules (Fig. 3a,b) . CLIP experiments were performed in duplicate, and both mRNA targets and peak locations on transcripts showed significant levels of reproducibility ( Fig. 4a and Supplementary  Fig. 2a ). Sites of binding were identified in two classes. We defined a rigorous set of peaks (referred to as Tier 1; Supplementary Table 3 ) by using a false discovery rate (FDR) of <1% and requiring at least 20-fold enrichment of peak height over overlapping or proximal peaks from profiles generated by using a fragmented mRNA library (Online Methods). We are highly confident that Tier 1 peaks represent bona fide sites of mRNA-protein interaction. However, as this standard is likely to exclude some real sites of binding, we also identified binding sites by using an FDR of <2% and a two-fold enrichment over proximal control peaks (Tier 2 sites; Supplementary Table 3 ). Analyses were then carried out with both sets of peaks. Because the results were similar for both sets, we present the analyses for Tier 1 peaks, revealing the following key observations. First, we observed that all four proteins showed substantial overlap in the set of bound mRNAs with high scores for statistical significance ( Fig. 4b) . Replicate CLIP data sets demonstrate the highest levels of similarity, which indicates that the data are repeatable and that similarity does not appear because of nonspecific mRNA background (Supplementary Fig. 2a ). This is consistent with the tendency of these proteins to co-assemble on mRNAs that accumulate in P bodies, and with previous biochemical and genetic data, because Pat1 directly interacts with both the Lsm1-7 complex and Dhh1 (ref. 20) , and Sbp1 promotes mRNA decapping in a Dhh1-dependent manner 21 . An additional trend is that Pat1, Lsm1 and Dhh1 share a higher degree of similarity to one another than to Sbp1 (Fig. 4b) . This is consistent with the fact that Pat1, Lsm1 and Dhh1 associate more with P bodies, whereas Sbp1 also has substantial presence in stress granules (Fig. 3b) 19 .
Second, on the basis of analysis of the genome-wide distribution of binding sites, we observed positional bias in the sites of mRNA interaction of these proteins (Fig. 4c) . Pat1 and Lsm1 both preferentially bind the 3′ end of the mRNA (Fig. 4c,d and Supplementary Fig. 2b,c) , which is consistent with biochemical experiments showing that this complex prefers to bind oligoadenylated 3′ ends 22 and protects the 3′ end from trimming in vivo 23 . However, it should be noted that Pat1 and Lsm1 also interact with mRNAs in the open reading frame (ORF) and 5′ untranslated region (UTR) (Supplementary Fig. 3) . These positional biases are significant, as 63% of all Pat1-binding sites and 51% of all Lsm1-binding sites are in the 3′ UTR, whereas on the basis of the ratio of average 3′ UTR to total mRNA length this number would be ~10% by chance (P < 0.0001 for both Pat1 and Lsm1). Analysis of sites of interactions by Discriminative DNA Motif Discovery v. 4.8.1 (DREME) 24 fails to identify any strong consensus sequence, which suggests that the binding of Pat1 and Lsm1 to mRNAs may be more strongly dictated by the 3′ end and oligo(A) tail. Similar analysis of Dhh1-binding sites also failed to yield a consensus sequence. In contrast to Lsm1 and Pat1, Sbp1 shows bias toward the 5′ UTR (Fig. 4c,d and Supplementary Fig. 2b,c) , which may be explained by its direct binding to eIF4G 25 . This interaction might explain why Sbp1 can also be observed in stress granules (Fig. 3a,b) . Analysis of Sbp1 peaks demonstrates enrichment in TCTT(C/G) (P = 5.9 × 10 −10 ). However, this consensus is present only in 18.1% of the Sbp1 Tier 1 peaks and therefore makes a relatively minor contribution to the overall occupancy of this protein.
A third notable observation is the occurrence of co-assembly of some proteins on the mRNA. This was assessed by identifying colocalized peaks and comparing the number of sequence reads 26 (Online Methods). As expected, we observed that replicate experiments for individual proteins generally showed the highest degree of similarity ( Fig. 4a and Supplementary Fig. 4a,b) . The most significant overlap between different proteins was observed among Pat1, Lsm1 and Dhh1 (Fig. 4a) , which is consistent with biochemical experiments showing strong physical interactions between these proteins 20, 21, 27 . We interpret this observation to suggest that the direct physical interaction of Pat1 with Dhh1 and/or the Lsm1-7 complex frequently leads to local co-assembly on the mRNA. We also observed a certain degree of overlap between Dhh1 and Sbp1 peaks (Fig. 4a) , consistent with Sbp1 having functional interactions with Dhh1 (ref. 21) . In contrast, the correlation between Sbp1 and Pat1 or Lsm1 peaks, where there is no evidence for a direct physical or functional interaction, is lower (Fig. 4a) . Examples of the overlap of individual protein peaks on specific mRNAs are shown in Figure 5a and Supplementary Figure 4c .
The co-assembly of individual proteins on the mRNA implies that these proteins may influence each other's binding to the mRNA. In this light, we observed that the location of Sbp1-binding sites in the mRNA is influenced by Dhh1, Lsm1 and Pat1, such that Sbp1 is more likely to bind the 3′ UTRs in the presence of binding sites for any of these factors ( Fig. 5b and Supplementary Fig. 5a-c) . Specifically, the percentage of Sbp1 targets with a binding site in the 5′ UTR doubles from 10% to 20% for those mRNA that are shared targets. The effect is greater in the 3′ UTR, where there is a three-fold increase in Sbp1 binding (30% versus 11%). These observations demonstrate that the preferred site of Sbp1 binding is influenced by the presence of other components of the mRNP.
A final trend is the variation in peak number per mRNA for the four proteins. Both Pat1 and Lsm1, which have the strongest positional bias, have a high percentage of Tier 1 mRNA targets with only a single peak (87.7% and 84.3% respectively). This suggests that each P-body mRNA npg r e s o u r c e typically contains only one Pat1 or Lsm1-7 complex. In contrast, only 53.2% of Sbp1 mRNA targets contain a single peak. Dhh1 shows a moderate level of specificity, with 65.2% of mRNAs having a single peak. Thus Dhh1 and Sbp1 either bind in a less specific manner, such that the position of those proteins on an mRNA would be variable, or multiple copies of these proteins are bound to an mRNA. The latter possibility is consistent with the fact that Dhh1 and Sbp1 are more abundant (42,900 and 12,800 copies per cell, respectively) than Pat1 and Lsm1 in the cell (626 and 3,490 copies per cell, respectively) 28 .
DISCUSSION
In this work we applied three methods to understand mRNP structure and composition in yeast: zero-distance cross-linking and MS to identify mRNA-binding proteins, fluorescence microscopy to identify the location of these proteins and CLIP to characterize the nature of mRNA binding of several proteins. By these methods, we have revealed some basic principles of protein-mRNA interactions, as discussed below. The RBP capture assay identified 120 proteins that represent the major yeast mRNA-binding proteins under glucose-deprivation conditions. Several important findings come from this list. First, nearly half are known mRNA-binding proteins, which indicates that this method robustly identifies mRNA-binding proteins. Second, many of the proteins interact with other areas of RNA metabolism, which suggests considerable cross talk between various areas of RNA biology, particularly with ribosome biosynthesis. Third, a large percentage of these mRNA-binding proteins are conserved between yeast and mammals. Fourth, proteins unrelated to RNA biology were identified. In this category, interactions between DNA biology and metabolic enzymes have been identified, consistent with similar mammalian surveys 4,5 . One protein (Vma1) with a role in vacuole biology was also identified. This protein may target specific mRNAs to vacuoles for degradation. During ribophagy, 60S ribosomal subunits are degraded in the vacuole 29 , and recent work from our lab has linked vacuole biology to granule formation (J.R. Buchan and R.P., unpublished data). We also identified two kinases (Ste20 and Ksp1) as mRNAbinding proteins. One noteworthy possibility is that these kinases could specifically regulate proteins associated with the mRNAs that they bind. This type of cis regulation within an mRNP would be an effective mechanism for altering the fate of an mRNA in response to environmental stimuli. This model is supported by a role for Ste20 in controlling mRNA degradation and stress-granule formation during oxidative stress 30 . Alternatively, RNA binding could modulate the activity of these kinases.
Some mRNA-binding proteins will be missed by our analysis. Proteins will be missed if they are in poor geometry to cross-link to mRNA. For example, although we observed eIF4G1, eIF4G2 and Sto1, the large subunits of the cytoplasmic cap-and nuclear cap-binding complexes, we did not detect Cbc2 or eIF4E, perhaps because being bound to the cap presents a small region of RNA for cross-linking. We anticipate that proteins that are expressed at low levels or that bind only a few mRNAs are missed in our analyses. For example, we did not observe Sgn1 and She2, which bind few mRNAs (10 and 22, respectively) and are estimated to be expressed at relatively low levels 12 . Such proteins could be identified by deeper MS analysis. Our data are also missing components of the decay machinery that preferentially bind mRNA after deadenylation, including the Dcp1-Dcp2 complex, Edc3, the Lsm1-7 complex and the exosome 31 . Ccr4-Pop2 may be absent because stress inhibits deadenylation 32 or because cross-linking of Ccr4-Pop2 to the poly(A) tail interferes with binding to oligo(dT). It is notable that we did observe many decay factors (for example, Pat1, Dhh1, Sbp1, Upf1, Upf3) that would be expected to interact with poly(A) mRNAs 33 .
By examining the subcellular location of mRNP proteins during glucose deprivation, we observed a large-scale rearrangement of mRNAbinding proteins, with 38% changing localization pattern in response to stress. This change in localization is likely to reflect some change in mRNP function. These changes revealed several facts. First, the major change is aggregation into P bodies or stress granules. This suggests that these aggregates may be major sites of mRNA control under stress. However, as mRNA-binding proteins are not limited to these granules, there are probably other important sites of mRNP regulation under these conditions. Second, we identified 14 new members of these granules. Some of these new members are post-translationalmodification proteins (a kinase, Ksp1, and a ubiquitin protease cofactor, Bre5) that could potentially modify the ability of some mRNPs to enter or exit these granules. An additional protein that was occasionally found to associate with granules, Ste20, has been implicated in stress-granule formation, which suggests that it might be involved in targeting specific mRNAs to granules, which is consistent with its role in stress-granule formation 30 . Third, nearly all translation-related factors tested entered granules, which suggests that many proteins involved in translation enter granules under stress conditions. Fourth, we identified new changes in protein localization associated with stress response. Such changes include movement into the vacuole, exit from the nucleus and aggregation into new foci. In sum, subcellular rearrangement of mRNPs is a major and global response to stress.
In the final part of this work, we identified the mRNAs bound by P body-associated proteins Pat1, Lsm1, Dhh1 and Sbp1 by using CLIP. These proteins bind a highly overlapping list of mRNAs, which reflects their colocalization to granules in vivo. The extent of similarity of their mRNA targets is consistent with known physical and genetic interactions between these proteins. Lsm1, Pat1 and Dhh1, which share an intricate network of physical interactions 20 , also have the most significant level of overlapping targets (Fig. 4b) . Moreover, the mRNAs cross-linked to Sbp1 are most related to those interacting with Dhh1 (Fig. 4b) , consistent with Sbp1 enhancing the ability of Dhh1 to stimulate decapping 21 and the fact that Sbp1 and Dhh1 both colocalize in stress granules to some extent 34 (Fig. 3) .
An unexpected observation that came from the identification of binding sites for these four granule-associated proteins is that none of them has strong sequence specificity. Rather, all four proteins have positional specificity relative to mRNA landmarks. Pat1 and Lsm1 colocalize at the very 3′ end of mRNAs, whereas Sbp1 (and to a lesser extent Dhh1) demonstrates a preference for the 5′ UTR. This mode of binding allows for a broad set of targets, a potentially desirable effect for proteins affecting the metabolism of many mRNAs. Such positional preference can have clear functional advantages (particularly for roles in suppressing translation initiation, decapping, deadenylation and so on). Positional preference for mRNA-binding proteins is probably dictated either by end-specific features (such as a cis-diol or oligo(A) tail at the 3′ end) or by other position-specific protein interactions. One candidate for such a linker protein is eIF4G, a canonical translation initiation factor and part of the cap-binding complex. Recent work has demonstrated that eIF4G is able to bind Sbp1 (ref. 25) . This interaction could tether Sbp1 to the 5′ region of an mRNA, its preferred binding site.
We observed evidence of co-assembly of proteins on mRNA. Most notably, we observed that the peaks of Pat1 overlapped strongly with the peaks of Dhh1 and Lsm1 (Fig. 4a) . This is consistent with strong physical interactions between Pat1 and these proteins 20, 22, 27 . The simplest interpretation of these observations is that the direct npg r e s o u r c e interactions between these proteins can lead to local co-assembly on the mRNA. A corollary of this interpretation is that individual proteins can affect either the recruitment of other proteins or their binding site. Consistent with that view, it is known that Pat1 is required for the recruitment of the Lsm1-7 complex to P bodies and presumably to mRNAs 35 . Moreover, we observe that the presence of Dhh1, Lsm1 or Pat1 on the mRNA can alter the preferred location of the Sbp1 protein (Fig. 5b) . An important area for future research will be to determine how the binding patterns of each mRNP component influences the localization and function of others.
The co-assembly and influence of mRNP components on the binding of one another highlight two principles. First, the interaction between proteins and mRNA is highly complex and not solely determined by sequence specificity. Thus it is important to take the entire mRNP structure into account when predicting binding sites, rather than relying solely on sequence and/or mRNA structure. Second, it is likely that function of mRNA-binding proteins may vary as a function of other protein factors within the mRNP. For instance, Pat1 may have different activities when co-assembled with Dhh1 than with the Lsm1-7 complex. This combinatorial ability could lead to a wide variety of functional consequences for mRNAs bound to a smaller number of proteins.
Here we have begun to gather global information about mRNP structure and function. We have established the major components of yeast mRNPs, determined that relocalization is one mechanism by which post-transcriptional control of mRNA fate may occur and found that the mRNA targets of granule-associated proteins are an overlapping set and that positional specificity and mRNP environment are important determinants of binding. In the future, it will be of great interest to synthesize the increasing body of protein-mRNA interaction data being produced by a variety of investigators to create a global model for mRNP structure. Such a model could elucidate the principles by which mRNPs form as well as predict the structure of mRNPs, and potentially the fates of mRNAs, under various conditions.
METhODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper.
